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We provide an analytical and theoretical study of exotic looped trajectories (ELTs) in a double-
slit interferometer with quantum marking. We use an excited Rydberg-like atom and which-way
detectors such as superconducting cavities, just as in the Scully-Englert-Walther interferometer. We
indicate appropriate conditions on the atomic beam or superconducting cavities so that we determine
an interference pattern and fringe visibility exclusive from the ELTs. We quantitatively describe our
results for Rubidium atoms and propose this framework as an alternative scheme to the double-slit
experiment modified to interfere only these exotic trajectories.
PACS numbers: 41.85.-p, 03.65.Ta, 42.50.Tx, 31.15.xk
I. INTRODUCTION
Exotic looped trajectories (ELT) in multi-slit interfer-
ometry has emerged as an interesting arena to test foun-
dations of quantum mechanics both theoretically and ex-
perimentally. More specifically, one may exploit the va-
lidity of the superposition principle and the Born rule
[1] to compute probabilities from wave functions which
connects quantum theory with experiment. Born rule
implies that in multi-slit interferometry the interference
pattern reduces to a sum of terms denoting the interfer-
ence between pairs of wavefunctions. Any deviation from
this construction in the intensity on the screen would pos-
sibly indicate a violation of Born’s rule.
For double slits A and B, the probability of detection
at a point x on the screen is given, according to the Born
rule, by
PAB = PA + PB + (ψ
∗
AψB + h.c.), (1)
with Pi = |ψi|2, i = A,B. On the other hand, for triple
slits A, B and C, the interference pattern observed at x
reads
PABC = PAB + PB C + PAC − PA − PB − PC , (2)
with Pij given by eq. (1) for ij = AB,BC,AC, and
Pi = |ψi|2, i = A,B,C. The wave functions ψi, with
i = A,B,C, represent the probability amplitude of the
particle to arrive at the point x on the detection screen
having emerged from a source placed before the grating
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(say, centered right at the middle slit) and passed through
slit (A,B,C). A deviation from the “naive” Born rule
above through a tiny parameter, called the Sorkin Pa-
rameter [2, 3]
κS = PABC −PAB −PBC −PAC +PA+PB +PC , (3)
can be attributed to exotic trajectories which also come
in pairs. With support on the Feynman path integral pre-
scription, one should also include looped paths around
the slits (paths that go backwards in space variables),
which also appear in pairs. Taking into account the lead-
ing order contributions leads to
κetS = κS − PAABA − PABAB − PBABA
−PBBAB − PABABAB . (4)
In this expression, ABA (resp., BAB) stands for clock-
wise (resp., counterclockwise) loops, and the superscript
et in κ stands for “exotic trajectories”. The last term in
it contributes less, as well as loops that wind repeatedly
through the slits [4].
To the best of our knowledge the first theoretical treat-
ment of the contribution of the so called “non-classical”
or “exotic” paths in matter wave double-slit interferom-
etry was by Yabuki in [5], in which nonlinear interfer-
ence terms were used to estimate deviations from the
superposition principle based on the Feynman path in-
tegral approach [6] to include looped paths around the
slits. This was later discussed in a similar way by Sorkin
in in [2], with an eye towards experiments. In Sorkin’s
work, higher-order phenomena were added to the usual
prescription of interference when three or more paths in-
terfered. It was only more recently that quantification of
the contribution from exotic paths in interference exper-
iments for triple-slits was proposed [3, 7–9].
2In 2016 the first experimental observation of exotic
paths in triple-slit interference with light was presented
in [10, 11]. In the experiment, exotic trajectory contribu-
tions to interference fringes were enhanced by controlling
the strength and spatial distribution of electromagnetic
near fields at the vicinity of the slits by the manipulation
of surface plasmons. Some current experimental inves-
tigations have also searched for deviations from quan-
tum theory by looking at higher-order interference [12].
These studies are putting stringent constraints on po-
tential failures of Born’s rule. Other proposals involve
passing a particle through a physical barrier with multi-
ple slits and comparing the interference patterns formed
on a screen behind the barrier when different subsets of
the slits are closed [13]. Additionally, interest in conse-
quences of the existence of higher-order interference has
increased recently because of the possibility of applica-
tions in different physical systems [14].
The theoretical analysis that support the experiments
is based on path integrals in the presence of slits, with
different weights for classical and exotic trajectories. The
propagator is written as
K(~r1, ~r2) =
∫
D[~x(s)] exp[ik
∫
ds],
where s is the contour length along ~x(s), the classical
limit being k → ∞ with paths near the straight line
linking ~r1 to ~r2 contributing more by the stationary phase
approximation (to leading order). Paths away from the
classical path contribute with a rapidly oscillating phase.
Triple-slit interferometers have become an useful test-
ing ground for checking Born’s rule in quantum mechan-
ics [2, 3, 15, 16]. Experiments with triple slits pro-
posed in [9] using matter waves or low frequency pho-
tons were analytically described and allowed for an esti-
mate of an upper bound on the Sorkin factor |κmax| ≈
0.003λ3/2/(d1/2w), in which λ is the wavelength, d is
the center-to-center distance between the slits and w is
the slit width, confirming that κ is rather sensitive to
the experimental setup. In [8], the exotic trajectories
contribution for a triple-slit matter wave diffraction was
evaluated using the non-relativistic Feynman path inte-
gral approach with a free propagator given by K(~r, ~r′) =
k
2πi
1
|~r−~r′| e
ik|~r−~r′|. This satisfies the Helmholtz equation
away from ~r = ~r′ and the Fresnel-Huygens principle. In
the Fraunhofer regime, it leads to integrals which are
evaluated numerically using the stationary phase approx-
imation. As a result, it follows that κ ≈ 10−8 for electron
waves.
Evidently, the effect of exotic paths can also be com-
puted in double-slit setups, but no experimental devia-
tion from κ = 0 in this type of arrangement has been
reported as yet. Although the first results for exotic
path contributions were obtained within the triple-slit
setup, double-slit apparatuses can be more appropriate
to demonstrate the effect, since for the triple-slit one can
actually observe effects of high-order interference instead
of exotic paths [12]. Recently, some of us proposed to
observe effects of exotic looped trajectories in double-slit
interference by relating the Sorkin parameter to the rela-
tive intensity and the fringe visibility [17]. In the present
paper, a different approach is presented: withdraw the
contribution of classical paths through quantum mark-
ing and display the interference pattern of exotic looped
trajectories only. We can realize this by the resonant in-
teraction of Rydberg atoms with single field modes of
high-finesse cavities positioned in the slit apertures. Our
procedure is based on quantum marking, with the mi-
crowave cavities used as which-way detectors. We deter-
mine the fringe visibility of the ELT, and show how it can
be increased by appropriate measurement of the atomic
beam or the superconducting cavities. We quantitatively
describe our results for Rubidium atoms and propose this
framework as an alternative scheme to measure exotic
looped paths and deviations from the standard super-
position principle. Furthermore, this attainment can be
further important in possible applications involving in-
terference of only the looped trajectories.
This paper is organized as follows. After a discussion
of the general formalism for Born’s rule (Section II) and
which-way detectors (Section III) in two-way interferom-
etry, we specialize in Section IV to atoms interacting with
a single field mode in a microwave cavity. We present a
two-slit interferometer where the contribution of classi-
cal paths can be withdrawn through quantum marking.
Next, we analyze in Section V the fringe visibility of the
ELT and study the interference pattern of these exotic
paths for Rubidium atom waves. Finally, a discussion
of the results is made in Section VI together with a few
concluding remarks.
II. BORN’S RULE FOR WAVE FUNCTIONS
Born’s rule [1], formulated in 1926, predicts that quan-
tum interference in a multipath interferometer occurs
from pairs of paths, a direct consequence of the proba-
bility of an outcome x for a system described by a wave-
function ψ(x) being the absolute square of this function.
In the classical formulation of Born’s rule, a particle
described by an initial quantum state |ψt0〉, produced in
a small region around rt0 , evolves freely during ∆t = t−t0
before being detected by a device D at rt . This happens
after the particle has passed through either r1 (trajectory
C1) or r2 (trajectory C2) – see Figure 1. Then, Born’s
rule is the statement that the state of the particle at rt,
right before its detection by D, is
|ψt〉 = N
(
a1|ψt〉C1 + a2|ψt〉C2
)
, (5)
where N is a normalization constant and |ψt〉Ci the evo-
lution from rt0 until rt through ri, with associated prob-
ability amplitudes ai, i = 1, 2.
3The state given by equation (5) is a quantum superpo-
sition which represents a generic two-way interferometer
output state. At the detector D the intensity reads
I(rt) = 〈rt|ψt〉〈ψt|rt〉 = N 2 × (6)[
I1(rt) + I2(rt) +
(
a1a
∗
2〈rt|ψt〉C1 C2〈ψt|rt〉+ h.c.
)]
,
in which Ii(rt) = |ai|2〈rt|ψt〉Ci Ci〈ψt|rt〉, i = 1, 2. It is
useful to define the visibility (wave character) through
Eq. (6),
V =
2|a1a2〈rt|ψt〉C1 C2〈ψt|rt〉|
I1(rt) + I2(rt)
, (7)
as well as the predictability (particle character):
P =
|I1(rt)− I2(rt)|
I1(rt) + I2(rt)
. (8)
These quantities satisfy a wave particle duality relation
P 2 + V 2 = 1.
FIG. 1: Free evolution from rt0 to rt during ∆t. In the course of
evolution, the particle passes through either r1 or r2. C1 and C2
are possible paths before detection by D.
III. WHICH-WAY DETECTORS
Assume that a which-way detector S1 has been placed
at r1, as depicted in Figure 2. The bipartite system
particle/which-way detector is considered to undergo an
instantaneous interaction which does not significantly af-
fect the particle’s center-of-mass momentum. S1 is in the
initial state |S(1)− 〉 and will collapse to the state |S(1)+ 〉 if
the particle follows path C1. Thus, the resulting state is
an entangled state of the form
|Ψt〉 = N
(
a1|ψt〉C1 |S(1)+ 〉+ a2|ψt〉C2 |S(1)− 〉
)
. (9)
Partial trace over the detector variables in the state
|Ψt〉〈Ψt| yields the following reduced state for the par-
ticle:
ρt = N 2
[
|a1|2|ψt〉C1 C1〈ψt|+ |a2|2|ψt〉C2 C2〈ψt|
]
. (10)
FIG. 2: Quantum particle in free evolution from rt0 to rt over a
lapse of time ∆t. C1 e C2 are possible paths before detection in D.
At r1, we place a which-way detector S1 which has two orthonormal
levels {|S
(1)
−
〉, |S
(1)
+ 〉}. Initially S1 is in the state |S
(1)
−
〉. It will
change to |S
(1)
+ 〉 only if the particle passed by r1 following C1.
In this case, the intensity at the detector D, 〈r|ρt|r〉, is
I˜(rt) = N 2
[
I1(rt) + I2(rt)
]
, (11)
which shows that interference terms are absent in (11)
(zero visibility). Should we impose that I1(rt) = I2(rt),
then the predictability would also vanish, yielding P 2 +
V 2 = 0. The interference fringes would have been washed
out due to the entanglement between the particle and S1,
which makes which-way information to become available
in the device.
Now, if a projective measurement with respect to a
judiciously chosen basis for S1 is made before the particle
is detected in D, the which-way information would be
erased (quantum eraser). In order to see this, let us define
the orthonormal basis {|+(1)〉, |−(1)〉} for S1 state space
as
|+(1)〉 = |S
(1)
+ 〉+ |S(1)− 〉√
2
(12)
|−(1)〉 = |S
(1)
+ 〉 − |S(1)− 〉√
2
. (13)
In terms of this basis, the state represented by equation
(9) translates into
|Ψt〉 = N√
2
[(
a1|ψt〉C1 + a2|ψt〉C2
)|+(1)〉
+
(
a1|ψt〉C1 − a2|ψt〉C2
)|−(1)〉]. (14)
After performing a measurement of S1 relative to the
basis {|+(1)〉, |−(1)〉}, the composite particle/which-way
detector state reduces to
|ψ±t 〉|±(1)〉 = N
(
a1|ψt〉C1 ± a2|ψt〉C2
)|±(1)〉 . (15)
The particle will be detected in D with intensity (after
4tracing out the which-way detector degrees of freedom)
I(rt)
± = 〈rt|ψ±t 〉〈ψ±t |rt〉 = N 2 × (16)[
I1(rt) + I2(rt)±
(
a1a
∗
2〈rt|ψt〉C1 C2〈ψt|rt〉+ h.c.
)]
.
Clearly, if we measure the which-way detector in the state
|+(1)〉 we recover the fringes as in equation (6) (quan-
tum erasure); otherwise, if we get |−(1)〉, we obtain anti-
fringes. Moreover: (i) equations (7) and (8) hold, and
hence P 2 + V 2 = 1, and (ii) if I1(rt) = I2(rt), then
P = 0 and V = 1.
One could also set up a second which-way marker at
r2 – namely S2, see Figure 3 ahead. Again, assuming the
particle in the initial state |ψt0〉 and leaving from rt0 to
be detected in D, the final state of the tripartite system
at rt just before arriving at the detector D will in this
case
|Φt〉 = N
(
a1|ψt〉C1 |S(1)+ 〉|S(2)− 〉+ a2|ψt〉C2 |S(1)− |S(2)+ 〉
)
,
(17)
where S1 (S2) is in the initial state |S(1)− 〉 (|S(2)− 〉) and will
collapse to the state |S(1)+ 〉 (|S(2)+ 〉) if the particle follows
by C1 (C2), respectively. The which-way information in
S1 and S2 gives, after tracing the detectors degrees of
freedom, a state just as in (10). The intensity measured
by D is as in equation (11).
FIG. 3: Free evolution of a quantum particle from rt0 to rt dur-
ing ∆t, passing by r1 or r2. C1 and C2 are possible trajectories
before detection in D. In r1 (resp., r2), a which-way detector S1
(resp., S2) possesses two orthonormal states {|S
(1)
−
〉, |S
(1)
+ 〉} (resp.,
{|S
(2)
−
〉, |S
(2)
+ 〉}). Initially at the state |S
(1)
−
, S
(2)
−
〉, it will assume
the state |S
(1)
+ , S
(2)
−
〉 (resp., |S
(1)
−
, S
(2)
+ 〉) in case the particle follows
C1 (resp., C2).
Finally, assume that in the case when two which-way
markers are available one performs Bell measurements
– namely, joint measurements in the which-way detec-
tors whose result is a projection into a Bell state –,
also before detection in D. For that purpose, let us
rewrite {|S(1)+ , S(2)+ 〉, |S(1)+ , S(2)− 〉, |S(1)− , S(2)+ 〉, |S(1)− , S(2)− 〉}
in the Bell basis {|ψ±〉, |φ±〉}:
|ψ+〉 = |S
(1)
+ , S
(2)
− 〉+ |S(1)− , S(2)+ 〉√
2
(18)
|ψ−〉 = |S
(1)
+ , S
(2)
− 〉 − |S(1)− , S(2)+ 〉√
2
(19)
|φ+〉 = |S
(1)
+ , S
(2)
+ 〉+ |S(1)− , S(2)− 〉√
2
(20)
|φ−〉 = |S
(1)
+ , S
(2)
+ 〉 − |S(1)− , S(2)− 〉√
2
. (21)
In such a basis, the state displayed in (17) becomes
|Φt〉 = N√
2
[(
a1|ψt〉C1 + a2|ψt〉C2
)|ψ+〉
+
(
a1|ψt〉C1 − a2|ψt〉C2
)|ψ−〉]. (22)
Notice that the states represented by equations (14)
and (22) are formally identical substituting |±(1)〉 with
|ψ±〉. Suppose that the measurements proceed just as
we described for S1, save that now we perform Bell
measurements in the subsystems S1 and S2. We have
two detectors and four Bell states, two of the measure-
ments yielding zero |〈φ±|Φt〉|2 = 0, whilst the other two
|〈ψ±|Φt〉|2 = 1/2 are equiprobable. Then, after a joint
Bell measurement in S1 and S2, and immediately before
detection in D, the overall state of the system would be
|χ±t 〉 = N
(
a1|ψt〉C1 ± a2|ψt〉C2
)|ψ±〉. (23)
The intensity detected in D in this case can be com-
puted from 〈rt|χ±t 〉〈χ±t |rt〉 to yield the same result as in
(17). Just as in the case where one which-way detector
was involved, we have fringes and anti-fringes with equal
probability. Bell measurements in S1 and S2 erase the
information about which path the particle has followed,
and thus quantum coherence is restored. Of course the
visibility V = 1 when I1(rt) = I2(rt).
IV. DOUBLE SLIT INTERFERENCE OF
EXOTIC LOOPED TRAJECTORIES
Specializing the above to a QED cavity setting (e. g.,
see [18] and references therein), we are now in position to
present a two-slit interferometer where the contribution
of classical paths is withdrawn through quantum mark-
ing, but where we can still observe the interference pat-
tern of only the exotic looped trajectories.
We consider for this purpose the double slit interfer-
ometer depicted in Figure 4, where S is the source, t is
the propagation time before reaching the double-slit, τ
is the propagation time from the double-slit to the de-
tector D, and d is the interslit separation. The paths
C1, C2 are non-exotic paths and the paths C12 (blue or
clockwise loop) and C21 (green or counterclockwise loop)
5are looped trajectories, or exotic paths. Besides the usual
contributions from paths C1 and C2 we shall consider two
leading order exotic looped path contributions to the in-
tensity at the detections screen, C12 and C21. From the
point of view of Feynman’s sum over paths to express the
quantum propagation amplitude, such paths correspond
to trajectories that go forward and backward in space se-
lected by the (two-)slitted barrier. Trajectories at large
distances from the classical trajectory contribute less to
the propagation amplitude as they are modulated by a
rapidly oscillating phase in the Feynman path integral
[6].
In this interferometer, we take the two-slitted potential
barrier to be represented by a Gaussian function centered
at the slit with an effective width corresponding to the
size of the slit aperture. We consider circular Rydberg
atoms [19] with two-levels, i.e., |g〉 (ground state) and |e〉
(excited state) (separated by the energy difference Ee −
Eg = ~ωge), produced in the source S and sent one-by-
one to the double slit where there are QED cavities A (at
slit 1) and B (at slit 2), see Figure 4. We will take A and
B as being open single mode cavities in the Fabry–Perot
configuration and the effects of losses will be disregarded.
The atoms interact resonantly with a mode in the cavity
and the Hamiltonian of interaction will be
HJC = −i~Ω0
2
(aˆσˆ+ − aˆ†σˆ−), (24)
which is the Jaynes–Cummings model [18, 20] in the ro-
tating wave approximation, where Ω0 is the vacuum Rabi
frequency, aˆ (aˆ†) is the bosonic operator that destroys
(creates) field’s excitations in the cavity, and σˆ− (σˆ+) is
the fermionic operator that lowers (raises) the internal
states of the atom, respectively. Thus, when the atom
arrives at the detector we can know about which slit it
came in the case when it undergoes non-exotic propaga-
tion. This setup consists of a classical proposal by Scully,
Englert and Walther in Ref. [21]. As discussed there, we
can assume that the center-of-mass position wavefunction
of the atoms are not disturbed by the interaction with
the microwave field when traversing the cavities. In par-
ticular, this means that the atomic center-of-mass state’s
evolution between locations inside the interferometer can
be safely described by free particle propagators.
Present-day technology allows implementation of this
setup with Rubidium atoms and high-Q superconducting
cavities that can trap the microwave photons [18]. After
a photon has been trapped in such a cavity, it can be
removed by passing through it another Rubidium atom
in its ground state. The photon will be absorbed also
with unit probability. Thus, if the atom makes an ex-
otic looped propagation passing two times through the
same slit, the information stored in the first passage is
withdrawn in the second passage, and when it arrives
in the detector we loose information about which slit it
passed. As we will see, this is the essential ingredient that
allows us to select only the exotic path contributions to
the interference pattern at the detection screen (see Fig-
ure 4).
For the sake of simplicity we consider that the spa-
tial part of the atomic state produced in the source S
is a Gaussian function of transverse width σ0. We also
consider that motion along the z-direction is classical,
and that the quantum effects are relevant only in the x-
direction as previously treated in [22]. This allows for a
complete analytical computation of the free propagation,
global and local axial phases comprised.
FIG. 4: Sketch of the double-slit experiment modified to interfere
only exotic looped trajectories. S is a source that sends atoms and
is located on the axis of symmetry of the experiment. In the source
S, two-level atoms of transition frequency ωge are produced with
the internal state in |e〉, propagate for a time t before reaching
the double-slit, and then for a time τ from the double-slit to the
detector D. The slit apertures are taken to be Gaussian, of width
β, and separated by a distance d. Cavity A (resp. B) is positioned
in slit 1 (resp., 2). These cavities are initially in the vacuum, are
identical, and have the same frequency ωc. The wavefunction for
the center-of-mass of the atom is Gaussian with transverse width
σ0. From the source to the detector the atoms can follow one of
the paths C1 and C2 (non-exotic paths) or C12 and C21 (looped
trajectories or exotic paths). By resonant interaction between the
atoms and the field inside the cavities (ωge = ωc), it is possible
to mark the paths C1 and C2 and observe the interference of the
paths C12 and C21.
The relevant physical degrees of freedom to be taken
into account in this setup are the atomic center-of-mass
motional state (i.e., the quanton’s positional state inside
the interferometer), the internal excitation state of the
atom, and the state of the photon field in the supercon-
ducting cavities. The associate quantum state space in
each case will be denoted, respectively, by Hc.m., Hi.s.,
and Hcav = HA ⊗ HB , where HA (resp., HB) denotes
the one photon sector of the Fock space for the allowed
modes for cavity A ( B). The full composite system state
space is H = Hc.m. ⊗Hi.s. ⊗Hcav.
Now, if only non-exotic trajectories are taken into ac-
count, then we could write the quantum state of the full
composite system at the interferometer screen immedi-
ately before detection as
|Ψ〉 = a¯1|ψ1〉 ⊗ |g〉 ⊗ |10〉+ a¯2|ψ2〉 ⊗ |g〉 ⊗ |01〉 , (25)
where |a¯1|2 + |a¯2|2 = 1, |g〉 corresponds to the atom
6ground state and |ij〉, i, j = {0, 1} correspond to the
number of photons in cavityA,B respectively. The quan-
tum coherence terms between non-exotic trajectories are
washed out as expected. However, if the contributions
coming from exotic looped trajectories are taken into ac-
count, then the full composite system state |Ψ〉 at the
screen immediately before detection would be actually
|Ψ〉 = a1|ψ1〉 ⊗ |g〉 ⊗ |10〉+ a2|ψ2〉 ⊗ |g〉 ⊗ |01〉 (26)
−a12|ψ12〉 ⊗ |e〉 ⊗ |00〉−a21|ψ21〉 ⊗ |e〉 ⊗ |00〉 ,
where |e〉 corresponds to the atom’s excited state and
|a1|2 + |a2|2 + |a12|2 + |a21|2 = 1. The corresponding re-
duced density operator for the center of mass subsystem,
ρc.m. is
ρc.m. = |a1|2|ψ1〉〈ψ1|+ |a2|2|ψ2〉〈ψ2| (27)
+|a12|2|ψ12〉〈ψ12|+ |a21|2|ψ21〉〈ψ21|
+ [a12a
∗
21 |ψ12〉〈ψ21|+ h.c.] ,
where h.c. is the hermitian conjugate. This state con-
tain interference terms only between exotic looped tra-
jectories. Therefore, as stated above, the quantum mark-
ing procedure eliminates interferences associated to non-
exotic trajectories, but not between the exotic looped
paths.
V. RESULTS
Now we perform the quantitative analysis of the fringe
visibility for exotic trajectories. We adapt the notation
used in section III to the atom interferometry setting
above for the sake of clarity.
In order to perform Bell measurements in the super-
conducting cavity state, we define the Bell basis,
|ψ+〉 = 1√
2
(|00〉+ |11〉)
|ψ−〉 = 1√
2
(|00〉 − |11〉)
|φ+〉 = 1√
2
(|10〉+ |01〉)
|φ−〉 = 1√
2
(|10〉 − |11〉),
which leads to
|00〉 = 1√
2
(|ψ+〉+ |ψ−〉)
|11〉 = 1√
2
(|ψ+〉 − |ψ−〉)
|10〉 = 1√
2
(|φ+〉+ |φ−〉)
|01〉 = 1√
2
(|φ+〉 − |φ−〉).
Consider the global state (26) rewritten in the Bell basis
as
|Ψ〉 =
( a1√
2
|ψ1〉+ a2√
2
|ψ2〉
)
⊗ |φ+〉 ⊗ |g〉+( a1√
2
|ψ1〉 − a2√
2
|ψ2〉
)
⊗ |φ−〉 ⊗ |g〉−(a12√
2
|ψ12〉+ a21√
2
|ψ21〉
)
⊗ (|ψ+〉+ |ψ−〉)⊗ |e〉.
By performing a Bell measurement on the cavity sub-
system, there are three possibilities. If one obtains the
eigenvalue correspondent to |φ±〉 then the global state
collapses to
|Ψ〉 → Pˆφ± · |Ψ〉
pφ±
, (28)
where
pφ± = Tr[Pˆφ± |Ψ〉〈Ψ|] (29)
and
Pˆφ± · |Ψ〉 =
( a1√
2
|ψ1〉 ± a2√
2
|ψ2〉
)
⊗ |φ±〉 ⊗ |g〉 , (30)
with Pˆφ± = |φ±〉〈φ±|. Otherwise |Ψ〉 collapses to
|Ψ〉 → |Ψ〉ψ = −1
q
(a12√
2
|ψ12〉+ a21√
2
|ψ21〉
)
⊗
⊗(|ψ+〉+ |ψ−〉)⊗ |e〉
)
, (31)
where
q = Tr[Qˆ|Ψ〉〈Ψ|],
Qˆ = 1ˆ− Pˆφ+ − Pˆφ− . (32)
Therefore when joint measurements on the state of
the cavities project such subsystem on |φ+〉 (|φ−〉), we
observe interference (anti-)fringes stemming from non-
exotic paths. In particular we can obtain exclusively the
contribution from exotic paths to the interference pattern
through joint measurements on the cavities consisting of
a superposition of two leading loop contributions which
cross the slit apertures in clockwise and anticlockwise di-
rections as displayed in equation (31).
Alternatively one may perform measurements on the
internal atomic state. For instance, if the atom is found
in the ground state we get
|Ψ〉 → |Ψ〉g = (a1|ψ1〉|10〉+ a2|ψ2〉|01〉)⊗ |g〉
r
(33)
7with probability r = Tr[|g〉〈g| · |Ψ〉〈Ψ|]. Notice that in
this case we obtain a pattern clear of exotic paths yet no
interference will be observed as there remains which way
information available in (33). In other words the inter-
ference between the ordinary (non-exotic) paths is elimi-
nated due to the entanglement between the atom’s center
of mass state and the which-way detector (cavity) char-
acterized by orthogonal states |10〉 and |01〉. Should the
latter be non-orthogonal, the effect would be a decrease
of visibility because entanglement correlations would en-
code some which-way knowledge.
If otherwise the atom is found in the excited state then,
instead of equation (33), we will have
Ψ→ |Ψ〉e = − (a12|ψ12〉+ a21|ψ21〉)⊗ |00〉|e〉
s
, (34)
with s = Tr[|e〉〈e| · |Ψ〉〈Ψ|] being the probability of mea-
suring the atom in the excited state. Notice that in this
case one observes only exotic paths interference fringes.
The interference pattern on the detection screen is ob-
tained by tracing out the cavity and atom’s internal de-
grees of freedom, namely Trc. We obtain
Trc[|Ψ〉g g〈Ψ|] = 1
r2
(
|a1|2|ψ1〉〈ψ1|+ |a2|2|ψ2〉〈ψ2|
)
which has no interference terms, and
ρet ≡ Trc[|Ψ〉e e〈Ψ|] = 1
s2
[
|a12|2|ψ12〉〈ψ12|+
|a21|2|ψ21〉〈ψ21|+
(
a12a
∗
21|ψ12〉〈ψ21|+ h.c.
)]
,(35)
which has only terms of interference from exotic looped
trajectories. Since the source S is in the axis of symmetry
of the experiment (see Figure 4), we can consider without
loss of generality that a1 = a2 and a12 = a21. In this way,
the state (35) can be rewritten as
ρet = N 2et
[
|ψ12〉〈ψ12|+ |ψ21〉〈ψ21|+
(|ψ12〉〈ψ21|+ h.c.)],
(36)
with Net = |a12|/s. The intensity Iet(x, t, τ) just before
being detected in the screen is obtained from (36) as fol-
lows:
Iet(x, t, τ) = N 2et
{
|ψ12(x, t, τ)|2 + |ψ21(x, t, τ)|2
+ 2|ψ12(x, t, τ)ψ21(x, t, τ)| cos(φ2112)
}
(37)
where φ2112 in the cosine denotes the phase difference
between ψ12(x, t, τ) and ψ21(x, t, τ). The wavefunction
ψ12(x, t, τ), and similarly for ψ21(x, t, τ), is given by [17]
ψ12(x, t, τ) =
∫
x0,x1,x2,x3
Kτ (x, τ + t˜;x3, t˜) (38)
×F (x3 − d/2)F (x2 + d/2)K(1→ 2; 2→ 1)
×F (x1 − d/2)Kt(x1, t+ η;x0, 0)ψ0(x0),
where t˜ = t+ 2ǫ, and where
K(xj , tj ;x0, t0) =
√
m
2πi~(tj − t0) exp
[
im(xj − x0)2
2~(tj − t0)
]
is the free propagator,
F (xj) = exp
[
− (xj)
2
2β2
]
is the slit transmission function,
ψ0(x0) =
1√
σ0
√
π
exp
(
− x
2
0
2σ20
)
,
is the initial wave packet, and
K(1→ 2; 2→ 1) =
√
m
4πi~(ǫ+ η)
×
exp
[
im[(x2 − x1)2 + (x3 − x2)2]
4~(ǫ+ η)
]
(39)
denotes the free propagator which propagates from slit 1
to slit 2 and from slit 2 to slit 1. The parameter η → 0 is
an auxiliary inter slit time parameter, and ǫ denotes the
time spent from one slit to the next and is determined
by the momentum uncertainty in the x-direction, i.e.,
ǫ = d∆vx (∆vx = ∆px/m), with ∆px =
√〈pˆ2x〉 − 〈pˆx〉2,
pˆx being the momentum operator in the x-direction. The
time ǫ is a statistical fluctuation on the time for motion
in the x-direction, which has to attain a minimum value
d/∆vx in order to guarantee the existence of a exotic
trajectory [22].
After some lengthy algebraic manipulations, we obtain
ψ12(x, t, τ) = Aet exp
(−C1etx2 + C2etx+ C3et) (40)
× exp (iαetx2 + iγetx+ iθet + iµet) .
The wave function for the exotic trajectory 21 (counter-
clockwise loop) is obtained by substituting d by −d in
Eq. (40), which is given by
ψ21(x, t, τ) = Aet exp
(−C1etx2 − C2etx+ C3et)
× exp (iαetx2 − iγetx+ iθet + iµet) . (41)
All the coefficients present in equation (41) are written
out in Appendices 1 and 2 for the sake of completeness.
The indices R and I stand for the real and imaginary part
of the complex numbers that appear in the solutions. As
discussed in [23], µet(t, τ) and θet(t, τ) are phases that
do not depend of the transverse position x, i.e., they are
axial phases. Different from the Gouy phase µet(t, τ)
(App. 2), θet(t, τ) (App. 1) is a phase that appears as
we displace the slit from a given distance away from the
origin, which is dependent on the parameter d.
The preparation of Rydberg atoms is described in de-
tails in [24]. The mass of the Rydberg atoms is m =
1.44 × 10−25 kg, the life time of the excited state is
8FIG. 5: Normalized intensity of only exotic trajectories con-
tribution as a function of x.
30 ms and the transition frequency from the ground state
to the excited state is ωge = 51.099 GHz which is the
same of the fields in cavities A and B (resonant interac-
tion). The wavelength of the field in these cavities must
be λ = 2πc/ωge, which have to be microwaves [25]. We
can chose the width of the field and the atom velocity
in order to have an interaction time between the atom
and cavities of ti = 1.0 µs. For the transverse width of
the initial wavepacket and the double slit apparatus we
chose the following parameters: σ0 = 10 nm, β = 10 nm,
d = 180 nm, t = 20 µs, and τ = 20 µs. For these pa-
rameters we obtain ǫ = 3.5 µs. We can observe that the
propagation time t, ǫ and τ are much smaller than the
life time of the excited state. This guarantees that the
atom does not change its state in the propagation from
the source to the detector by spontaneous emission.
In Figure 5 we show the intensity of only the exotic
looped paths contribution for Rydberg atoms and the
above parameters. Therefore, the results above show that
one can prepare a double slit experiment to exhibit the
interference of exotic trajectories. Differently from other
results that calculate and measure the Sorkin parameter
which is produced basically by the interference of exotic
and non-exotic trajectories, our results show an interfer-
ence pattern that can be associated exclusively to the
exotic paths. In particular, our results can be important
in potential applications involving only such paths.
VI. DISCUSSION
We studied the double slit experiment with two-level
atoms and QED cavities positioned in the slit apertures.
We prepared an experimental setup capable to elimi-
nate the contribution to the interference pattern of non-
exotic trajectories. This is possible by considering Ry-
dberg atoms interacting resonantly with the QED cavi-
ties. We considered that the source sends the atoms one-
by-one in the excited state and that the cavities in the
slits are in the fundamental mode. After the atoms pass
through one of the cavities it emits a photon, and thus
measurement of the cavities’ electromagnetic field states
enables us to access which-way information about the
atom. This procedure eliminates the interference of tra-
jectories that pass through only one slit before arriving at
the detector. On the other hand, if the atoms propagate
in exotic looped trajectories, the photon emitted in the
first passage is reabsorbed in the second, and measure-
ment of the cavities EM field states does not enable us to
acquire information about which slit the atom traversed.
Therefore, we will observe in the detector an interference
pattern exclusive from the exotic looped trajectories. We
chose a set of parameters, whose values are from Rubid-
ium atoms and real QED cavities, and we plotted the
intensity as a function of x for the interference of exotic
trajectories. The approach used in this paper can open
an avenue in possible applications where we need to select
effects only from the exotic paths’ contribution.
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Appendix 1: Formulae for interference parameters
In the following we present the complete expressions
for terms occurring in Eqs. (40) and (41):
Aet =
√
m3
√
π
16~3τtǫσ0
√
z2R + z
2
I
, (42)
C1et =
m2z3R
4~2τ2(z23R + z
2
3I)
, (43)
C2et = − mdz3I
4~τβ2(z23R + z
2
3I)
+
m3dz6I
64~3β2τǫ2(z26R + z
2
6I)
+
m2dz10R
16~2τβ2(z210R + z
2
10I)
, (44)
9C3et =
d2z1R
16β4(z21R + z
2
1I)
+
d2z2R
16β4ǫ(z22R + z
2
2I)
+
d2z3R
16β4(z23R + z
2
3I)
− m
2d2z4R
44β4~2ǫ2(z24R + z
2
4I)
+
m4d2z5R
46~4ǫ4β4(z25R + z
2
5I)
− m
2d2z6R
27~2ǫ2β4(z26R + z
2
6I)
+
md2z7I
32~β4ǫ(z27R + z
2
7I)
− m
2d2z8R
44~2ǫ2β4(z28R + z
2
8I)
− m
3d2z9I
29~3ǫ3β4(z29R + z
2
9I)
+
md2z10I
32~ǫβ4(z210R + z
2
10I)
− d
2
8β2
− d
2
4β2
, (45)
αet =
m
2~τ
+
m2z3I
4~2τ2(z23R + z
2
3I)
, (46)
γet = − mdz3R
4~τβ2(z23R + z
2
3I)
+
m3dz6R
64~3β2τǫ2(z26R + z
2
6I)
− m
2dz10I
16~2τǫβ2(z210R + z
2
10I)
, (47)
θet = − d
2z1I
16β4(z21R + z
2
1I)
− d
2z2I
16β4~2ǫ2(z22R + z
2
2I)
− d
2z3I
16β4(z23R + z
2
3I)
+
m2d2z4I
44~2β4ǫ2(z24R + z
2
4I)
− md
4d2z5I
46~4β4ǫ4(z25R + z
2
5I)
+
m2d2z6I
27~2β4ǫ2(z26R + z
2
6I)
+
md2z7R
32~β4ǫ(z27R + z
2
7I)
+
m2d2z8I
42β4ǫ2(z28R + z
2
8I)
− m
3d2z9R
29~3β4ǫ3(z29R + z
2
9I)
+
md2z10R
44~β4ǫ(z210R + z
2
10I)
.(48)
Appendix 2: Gouy phase components
In the following we present the full expression of the
Gouy phase for exotic trajectories, i.e.,
µet(t, τ) =
1
2
arctan
(
zI
zR
)
, (49)
where
zR = (z0Rz1R − z0Iz1I)(z2Rz3I + z2Iz3R) +
+ (z0Rz1I + z0Iz1R)(z2Rz3R − z2Iz3I), (50)
and where
zI = (z0Rz1R − z0Iz1I)(z2Rz3R − z2Iz3I)
− (z0Rz1I + z0Iz1R)(z2Rz3I + z2Iz3R). (51)
In these expressions, we have:
z0R =
1
2σ20
, z0I = − m
2~t
, (52)
z1R =
1
2β2
+
m2z0R
4~2t2(z20R + z
2
0I)
, (53)
z1I = −
(
m
4~ǫ
+
m
2~t
+
m2z0I
4~2t2(z20R + z
2
0I)
)
, (54)
z2R =
1
2β2
+
m2z1R
16~2ǫ2(z21R + z
2
1I)
, (55)
z2I = −
(
m
2~ǫ
+
m2z1I
16~2ǫ2(z21R + z
2
1I)
)
, (56)
z3R =
1
2β2
+
m2z2R
16~2ǫ2(z22R + z
2
2I)
, (57)
z3I = −
(
m
2~τ
+
m
4~ǫ
+
m2z2I
16~2ǫ2(z22R + z
2
2I)
)
, (58)
z4R = z
2
1Rz2R − z21Iz2R − 2z1Rz1Iz2I , (59)
z4I = z
2
1Rz2I − z21Iz2I + 2z1Rz1Iz2R, (60)
z5R = z3R
(
z21Rz
2
2R − z21Rz22I − z21Iz22R + z21Iz22I
−4z1Rz1Iz2Rz2I
)− 2z3I(z21Rz2Rz2I − z21Iz2Rz2I
+z1Rz1Iz
2
2R − z1Rz1Iz22I
)
, (61)
z5I = z3I(z
2
1Rz
2
2R − z21Rz22I − z21Iz22R + z21Iz22I
−4z1Rz1Iz2Rz2I) + 2z3R(z21Rz2Rz2I
−z21Iz2Rz2I + z1Rz1Iz22R − z1Rz1Iz22I), (62)
z6R = z1Rz2Rz3R − z1Rz2Iz3I − z1Iz2Rz3I − z1Iz2Iz3R,
(63)
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z6I = z1Rz2Rz3I + z1Rz2Iz3R + z1Iz2Rz3R − z1Iz2Iz3I ,
(64)
z7R = z1Rz2R − z1Iz2I , (65)
z7I = z1Iz2R + z1Rz2I , (66)
z8R = (z
2
2R − z22I)z3R − 2z2Rz2Iz3I , (67)
z8I = (z
2
2R − z22I)z3I + 2z2Rz2Iz3R, (68)
z9R = z1Rz8R − z1Iz8I , (69)
z9I = z1Iz8R + z1Rz8I , (70)
z10R = z2Rz3R − z2Iz3I , (71)
z10I = z2Iz3R + z2Rz3I , (72)
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